Organs used for transplantation are usually derived from heart-beating brain dead donors. However, brain death is known to have negative effects on donor organ quality, previously studied using a difficult to control sudden onset experimental model. We have now developed a reproducible gradual onset brain death model in rats without requiring inotropic support. Fisher inbred rats weighing 260-300 g were used. Brain death was induced by a gradual inflation of a subdurally placed balloon catheter. During induction and the period following brain death, the animals were mechanically ventilated and blood pressure was continuously monitored. The blood pressure registration showed a characteristic pattern during brain death induction, in which a decrease in blood pressure, a hypotensive period in which the Cushing response occurred, and a sharp peak were consistent findings. After brain death was induced, blood pressure was maintained at normotensive levels up to 4 h. After the experiments, neuropathological evaluation of the brain located haemorrhagic cerebral parenchyma, and immunocytochemistry of liver tissue revealed a significant influx of polymorph nuclear cells, as was previously observed as well. This improved model allows the study of brain death on donor organ quality without the use of inotropic support.
Organs used for transplantation are mostly derived from heart-beating brain dead donors (Tuttle-Newhall et al. 2003) . Most of these donors suffer from extensive damage to the central nervous system, caused by subarachnoidal haemorrhage or traumatic brain injury, before they are declared brain dead . The heartbeating brain dead donor is associated with donor organ dysfunction, haemodynamic instability and metabolic and hormonal changes, all of which have negative effects on donor organ quality (Takada et al. 1998 , Pratschke et al. 1999 , van der Hoeven et al. 2000 , 2001 . Due to the unphysiological state of brain death, organs are injured and become less suitable for organ donation compared with organs derived from living donors (van der Hoeven et al. 2003) .
A wide variety of animal brain death models are being used to study the effect of brain death on donor organ quality , Bittner et al. 1995 , Chen et al. 1996 , Herijgers et al. 1996 , Okamoto et al. 1998 , van der Hoeven et al. 1999 , Pratschke et al. 2000 , Sawauchi et al. 2003 . In most brain death models, an increase in intracranial pressure is generated by an expanding intracranial balloon, finally leading to brain death. Two types have been described: the so-called 'sudden onset' brain death model and the 'gradual onset' model. In the sudden onset model simulating acute and significant cerebral trauma, the intracranial pressure increases within 30-60 s. To date, several groups have been using this model for experimental research. This explosive increase in intracranial pressure, however, leads to a pronounced haemodynamic instability and congestive lung failure . Due to the haemodynamic instability and respiratory failure, despite a properly controlled experimental set-up, large numbers of experimental animals die or require supportive drugs. To prevent excessive variations in blood pressure, inotropic support is often used in the sudden onset model to maintain normotension. However, vasopressors are known to have a damaging side-effect on several organs (Ueno et al. 2000) . In contrast to the sudden onset model, the gradual onset model simulates cerebral haemorrhage by slowly increasing the intracranial pressure, resulting in less haemodynamic instability and maintenance of normotension during brain death for several hours (Pratschke et al. 2000) . So far, only a few studies have described brain death induction using a gradual expansion of an intracranial balloon , Pratschke et al. 2000 .
Our previous sudden onset model resulted in a relatively large number of animals that either died from cardiac arrest or could not be included due to uncontrollable haemodynamic instability (van der Hoeven et al. 1999) . We have therefore developed a simple, reproducible and clinically relevant animal brain death model in which brain death is gradually induced. This model mimics intracranial haemorrhage, finally leading to brain death, without inotropic support or manipulation of the intracranial balloon volume. Also, less haemodynamic instability is encountered in the gradual onset model, and damage to organs due to side-effects of inotropic support is ruled out . In addition, we and others have previously reported that brain death induces expression of cell adhesion molecules in the liver and kidney, resulting in an influx of leucocytes and an upregulation of inflammatory markers (van der Hoeven et al. 1999 , Toyama et al. 2003 . In this study, the design of a gradual onset brain death model is reported and the results of the influx of polymorph nuclear cells (PMNs) in liver parenchyma in the new model, with the influx of PMNs in our previous sudden onset brain death model, are compared.
Methods

Animals, feeding and husbandry
All animals received care in accordance with guidelines of the Institutional Animal Care and Use Committee following National Institutes of Health guidelines. The experiments were approved by the local animal care committee. Twenty-two adult male Fisher F344/NHsd inbred rats (Harlan Netherlands BV, Horst, The Netherlands) were used, weighing 260-300 g, which were subjected to a health screening programme by the animal facility (Harlan Netherlands BV). An acclimatization period of one week was allowed before starting the experiments. Rats were housed according to Dutch legislation in standard cages (40 Â 60 cm) with five animals per cage and ad libitum access to standard rat chow (RMH-B, Arie Blok Diervoeding, Woerden, The Netherlands) and water. Standard bedding (LTE E-001, Abedd, Wien, Austria) was used. The temperature was 221C with a light-dark cycle of 12/12 h.
General experimental protocol
Eighteen animals were included and subdivided into six animals in each group. Three groups were defined: a control group of sham-operated rats and two experimental groups. One experimental group consisted of rats that were kept brain dead for 1 h, and in the other group rats were kept brain dead for 4 h. Liver tissue was harvested following completion of the sham operation or 1 or 4 h brain death. The experiments for 0-(sham), 1 and 4 h brain death were randomly performed. An additional two rats were kept brain dead beyond 4 h to allow an estimation of the maximum brain death duration without inotropic support.
Anaesthesia, monitoring and ventilation
Anaesthesia was induced with 5% isoflurane in a mixture of nitrous oxide (2 L/min) and oxygen (1 L/min). The initial percentage of isoflurane was reduced to 2% for the duration of brain death induction. A polyethylene catheter (0.40 mm i.d.) was inserted into a femoral artery to monitor pressure (Truwave, Edwards Lifesciences, Irvine, USA), and was continuously recorded (Labview 5.1, National Instruments Co, Austin, USA). The animals were intubated via a tracheostomy using a 16G cannula and ventilated at a stroke rate of 47/ min, with a peak airway pressure of 16 cmH 2 O, a mean airway pressure of 6 cmH 2 O and a positive end-expiratory pressure of 1 cmH 2 O (Zoovent model CWC600AP, Triumph Technical Services Ltd, Milton Keynes, UK). When brain death was established, ventilation with oxygen (4 L/min) and room air was started for the duration of 0.5 h, and thereafter oxygen was decreased to a level between 0.0 and 0.5 L/min for the rest of the experiment. Anaesthesia, consisting of 0.5% isoflurane in a mixture of oxygen (1 L/min) and nitrous oxide (1 L/min), was restarted 20 min prior to the end of the experiment, to prevent spasms in the abdominal musculature, allowing a laparotomy to be performed.
Brain death procedure
The brain death procedure was adapted from the sudden onset model previously described (van der Hoeven et al. 1999) . Briefly, a hole (2 mm i.d.) was drilled through the skull frontolateral to the bregma, using a microdrill. A balloon catheter (Fogarty Arterial Embolectomy Catheter: 4F, Edwards Lifesciences Corporation, Irvine, USA) was inserted into the extradural space with the tip pointing caudally. Induction of brain death was started by gradually increasing the intracranial pressure by inflating the balloon with 16 mL saline per minute (Terufusion Syringe Pump model STC-521, Terumo Co, Tokyo, Japan). During balloon inflation, a hypotensive period occurred followed by a short peak and a subsequent drop in blood pressure. When the blood pressure returned to its basal level during an increasing peak, inflation of the balloon was stopped and anaesthesia was withdrawn. The balloon was kept inflated until the end of the experiment. The state of brain death was confirmed 30 min after the onset of brain death, by the absence of corneal reflexes and a positive apnoea test (Benzel et al. 1992) . During the induction period, the heart rate was determined using intervals of 10 s.
Donor management
During brain death, a mean arterial pressure (MAP) above 80 mmHg was considered to be normotensive. When the blood pressure exceeded 140 mmHg, fractional oxygen inhalation (FiO 2 ) was gradually decreased to 0.0-0.5 L/min until the MAP returned to its basal level. When blood pressure decreased below 80 mmHg, FiO 2 was increased to a maximum of 0.5 L/min. If necessary, colloid infusion was started using polyhydroxyethyl starch (HAES), 100 g/L, in saline. The body temperature was continuously monitored and maintained at 371C by means of a rewarming lamp and heating pad (Inventum HNK 513; Martex Holland BV, Veenendaal, The Netherlands).
Surgical procedure
Ten minutes before terminating the experiment, a midline laparotomy was performed. The abdominal aorta was located and cleared from its surrounding tissue. At the end of the brain dead period, urine and blood were collected just before the organs were flushed with 60 mL ice-cold saline via aortic infusion while an incision was made in the inferior caval vein. After complete blood flush out, the liver was harvested. Tissue samples were quickly frozen in liquid nitrogen, frozen in isopentane (À801C) or fixated in 4% paraformaldehyde. The animal was decapitated and the head was fixated in 4% paraformaldehyde for further analysis of brain tissue after harvesting the abdominal and thoracic organs.
Neuropathological examination
Paraformaldehyde fixation for seven days was followed by fixation in acetic acid/ paraformaldehyde for 48 h to decalcify the tissue. After fixation, a craniotomy was performed and the cerebrum, cerebellum and brainstem were sectioned in a coronal or sagittal plane. The sections were embedded in paraffin and 3 mm thick sections were stained with haematoxylin and eosin (HE).
Immunocytochemistry of liver tissue
PMNs localized in liver parenchyma were studied in 4 mm cryosections. The PMNs were stained using the monoclonal HIS48 antibody. Endogenous peroxidase was blocked using phosphate-buffered saline (PBS) containing 0.03% hydrogen peroxide. After thorough washing with PBS (pH 7.4), sections were incubated with peroxidaseconjugated rabbit anti-mouse (DAKO, Glostrup, Denmark) (1-20) containing 5% normal rat serum. Peroxidase activity was visualized using 3-amino-9-ethylcarboxide (AEC) in 0.04% hydrogen peroxide. Nuclei were stained using Mayer's haematoxylin solution (Merck, Darmstadt, Germany). Quantification of immunocytochemical staining was assessed by computer-assisted light microscopy (Leica Image Manager 500 1.2, Heerburgg, Switzerland), counting the total number of positive cells in 10 microscopic fields at 200 Â magnification.
Statistical analysis
All results are expressed as mean7standard error of the mean (SEM). One-way analysis of variance (ANOVA) was used with Bonferroni's correction for multiple comparisons to determine a significant difference in PMN counts. A P level of o0.05 was considered to be significant.
Results
Four rats (18%) were excluded from the experiments due to inexperience and technical problems. Of these four rats, one died as a consequence of circulatory failure due to an overcorrected hypotension. Three rats died due to technical problems, the reasons being failure in mechanical ventilation (two) and a dislocation of the femoral blood pressure cannula (one).
Induction of brain death
All animals showed a similar pattern in blood pressure registration during the induction of brain death ( Figure 1A) . Starting at the moment the balloon inflation started and ending just before a sharp blood pressure peak, 2771 min were required for brain death induction. Basal blood pressure, which is the blood pressure measured prior to inflation of the balloon, was 11673 mmHg (mean7SEM) and basal heart rate was 35678 beats per minute (bpm). After a period of 1071 min, the blood pressure showed a sharp decrease to a level of 4671 mmHg followed by a period of hypotension. The duration of hypotension was 1171 min and was characterized by a gradual increase. At the end of the induction, the registration showed a sharp peak with a maximum MAP of 14275 mmHg. During inflation of the balloon, a slight increase in heart rate was observed. After the peak in MAP had occurred, a decline in heart rate to its basal level was observed.
Donor management
During mechanical ventilation, MAP remained at levels above 80 mmHg. Five animals needed low amounts of 10% HAES (0.5-1.0 mL) infusion to allow correction for hypotension. All five responded well with a return to basal levels within 3 min. Thirty minutes after brain death induction, the apnoea test was found positive, i.e. no spontaneous respiration, for all animals. Corneal and pupillary reflexes were absent as well. After a period of 9077 min, all animals became hypertensive. Reducing the fractional oxygen inspiration resulted in regaining of normotension. Blood pressure became unstable 150 min after brain death induction. Normotension became difficult to maintain after 3.5 h brain death. Also, brain death duration for a period longer than 4 h was unsuccessful in two additional rats.
Neuropathological findings
Examination of brain tissue confirmed that the balloon was placed rostral to the bony tentorium. Inflation of the balloon produced a caudal shift of brain tissue with compression of the cerebellum and brainstem. Examination of sagittal sections showed macroscopic haemorrhage in tissue surrounding the balloon. Microscopy showed axonal cell death and flattening and nuclear alignment in the direction of axons. In both 1 and 4 h brain death, a sponge-like deterioration of the brain tissue indicated demyelinization and injury of neuronal structures.
Immunocytochemistry of liver tissue
The number of PMNs in liver parenchyma was significantly increased in both the 1 h brain dead group (33.071.1 PMNs per microscopic field) and the 4 h brain dead group (59.771.6) compared with the shamoperated group (11.870.4). A statistically significant increase was shown for the 4 h brain dead group compared with the 1 h brain dead group (Po0.001).
Discussion
This study describes a brain death model that is designed to be used for studies concerning organ donation. Previously used models have revealed that brain death is an important factor compromising organ function and survival after transplantation (Takada et al. 1998 , Pratschke et al. 1999 , van der Hoeven et al. 2000 , 2001 . Also, transplanted grafts derived from living human kidney donors show better survival rates than cadaveric grafts, suggesting that brain death itself does alter donor organ quality (Terasaki et al. 1995) . A reliable model for gradual onset of brain death is required for the study of brain-death-related questions in transplantation research, as most organ donors have nowadays suffered brain death due to an intracranial haemorrhage (Cohen & Persijn 1997 , Tuttle-Newhall et al. 2003 . So, in the clinical setting, intracranial hypertension often develops gradually due to secondary neurological injury and does not develop acutely within a few minutes ( MAP became unstable after 3.5 h brain death. Anaesthesia was switched off after brain death induction and restarted at 220 min brain death. As a reference, blood pressure registration of our previous experiments using the sudden onset model is shown; in these experiments, rats in the optimal donor groups were kept normotensive by infusion of a plasma expander or, if needed, norepinephrine, and rats in the marginal donor groups were not treated for hypotension (van der Hoeven et al. 2000) the so-called sudden onset models that develop an increase in intracranial pressure within 30-60 s. Moreover, the sudden onset models frequently require the use of inotropic medical support to maintain blood pressure at a normotensive level. Inotropic support could bias the results in studies concerning organ damage caused by brain death, as it has been described as having effects on peripheral organ blood flow (Ueno et al. 2000) . The difference between the method presented here and previously reported studies are: the absence of hypotension and, in contrast to the sudden onset models and the early gradual onset model, a high reproducibility with an exclusion of experimental animals due to technical complications only. Animals were not excluded due to refractory changes in blood pressure or complications in respiration; moreover, inotropic support was not necessary. The gradual onset brain death model is best explained and described using the blood pressure pattern as it was found during induction (Figure 1) . The blood pressure pattern caused by continuous expansion of the intracranially positioned balloon consisted of a hypotensive period, followed by a sharp peak. During the hypotensive period, a gradual increase in blood pressure was observed. Regulation of circulation and blood pressure is, to a large extent, controlled by the sympathetic nervous system. Continuous excitation of neurons in the rostral ventrolateral medulla (RVLM) causes a continuous state of partial smooth muscle contraction of blood vessels, called the vasomotor tone. Activity of RVLM neurons is dependent upon the balance of excitatory and inhibitory synaptic inputs from other regions within the brain (Dampney et al. 2003) . Possible sources of excitatory input are the pontine reticular formation, the lateral tegmental field in the medulla oblongata and the hypothalamic paraventricular nucleus (PVN). Also, inhibition of GABAergic inputs results in excitatory output from the RVLM (Dampney et al. 2003) . The sympathetic vasomotor tone allows central neural mechanisms to increase or decrease regional vascular resistance and heart rate, in response to various challenges (e.g. exercise, changes in posture, changes in ambient temperature, haemorrhage or hypoxia). When the vasomotor tone is absent, blood pressure decreases to a level of 50 mmHg (Guyton & Hall 1996) .
In our experiments, blood pressure decreased to 4671 mmHg, 1071 min after the onset of brain death induction. This decrease is most likely due to changes in the vasomotor tone, caused by an imbalance between the sympathetic and vagal stimulation of the RVLM. Another explanation is that anaesthesia with isoflurane affects the observed temporary decrease in blood pressure, as hypotensive effects of RVLM lesions are anaestheticdependent (Cochrane & Nathan 1989 , Dampney et al. 2003 . Although we did not study lesions in neuronal nuclei, we consider it likely that the initial sharp decrease in blood pressure is the result of the loss in excitatory input in the RVLM by the hypothalamic PVN, because central ischaemia, secondary to an expanding supratentorial mass, progresses in a rostroto-caudal fashion, affecting the PVN before the RVLM (Schrader et al. 1985a) . Also, the PVN is known to exert a powerful tonic effect on sympathetic vasomotor tone generation and blood pressure control under basal conditions in anaesthetized rats (Allen 2002) . After the initial decrease in blood pressure, a gradual increase in blood pressure just before the sharp peak was observed. The gradual increase in blood pressure is a physiological response to increasing intracranial pressure, known as the Cushing response. The Cushing response is characterized by an increased intracranial pressure resulting in decreased cerebral perfusion pressure. This leads to ischaemia in the brainstem, and the following elevation in carbon dioxide tension causes excitation of the neurons in the RVLM (Grady & Blaumanis 1988) , which causes peripheral vasoconstriction and a subsequent increase in arterial pressure. By this mechanism, arterial pressure exceeds the intracranial pressure and blood flow to the brainstem is ensured. Ischaemia, rather than brainstem distortion or pressure per se, is responsible for the initiation of the Cushing response (Schrader et al. 1985b ).
The prominent blood pressure peak that occurred in our model at the end of the induction, as well as in humans, is frequently described as being due to the release of catecholamines as a response to ischaemic changes in the brainstem (Rosner et al. 1984 , Herijgers et al. 1996 , Ueno et al. 2000 . This massive systemic increase in catecholamines leads to vasoconstriction, increasing the peripheral regional vascular resistance to high levels. This vasoconstriction can be so severe that a significant reduction in flow to several peripheral organs, such as the kidneys and spleen, occurs despite the highly increased perfusion pressure, leading to ischaemia in these organs (Herijgers et al. 1996) . Also, higher levels of catecholamines and, thus, higher peaks in blood pressure, cause higher mortality rates due to myocardial damage and secondary pulmonary haemorrhages . The extent of catecholamine release is largely dependent on the tempo and extent of the cerebral insult (Rosner et al. 1984 , Pratschke et al. 2000 . In our experiments, the MAP of the peak was 14275 mmHg, which is lower than peak levels observed in the sudden onset model, as has been previously used by our group (Figure 1B) (van der Hoeven et al. 1999 ). This effect is probably due to the reduced release of catecholamines and the reduced pulmonary changes that are described as being related to catecholamine release (Novitzky et al. 1987) . In our previous studies using the sudden onset model, blood pressure registration showed a huge peak in MAP without the occurrence of a previous hypotensive period ( Figure 1B) . We suggest that the explosive increase in intracranial pressure leads immediately to brain death, demonstrated by the peak in MAP, as described before.
A hypotensive period after the catecholamine-induced peak has been described in most studies using a sudden onset model , Bittner et al. 1995 , Chen et al. 1996 , Herijgers et al. 1996 , van der Hoeven et al. 2000 . In our experiments, the peak in blood pressure occurred, followed by a plateau at levels above 100 mmHg ( Figure 1B) . A possible explanation for normotension, instead of the frequently reported hypotension, is that a gradually expanding intracranial mass allows the brain to accommodate, allowing less distortion with remaining viability of the RVLM . The benefit of a haemodynamically stable brain death period is that no inotropic medical support is required. Since blood pressure becomes unstable after 150 min and HAES infusion is insufficient to correct it, brain death for more than 4 h can be considered to be unsuccessful.
The results correspond to the haemodynamic changes described in other brain death models or species (Bittner et al. 1995 , Imai et al. 1996 , Malhotra et al. 2004 ). Moreover, the results accurately simulate haemodynamic instability resulting from physiological derangements in human brain death donors, that have been found in all experiments (Arbour 2005 , Salim et al. 2006 . The haemodynamic pattern reflects the gradual changes in the central nervous system (CNS) that occur in patients suffering an intracranial haemorrhage. A continuous and prolonged expansion of a supratentorial balloon catheter or intracranial haemorrhage leads to cerebrospinal ischaemia, starting in the cerebrum with a progression to the mesencephalon, pons, medulla oblongata and spinal cord in a rostro-to-caudal fashion (Schrader et al. 1985a) . Depending on the anatomical structures involved in central ischaemia, haemodynamic changes occur due to the activation or inhibition of the autonomic nervous system (Pratschke et al. 2000) . In our study, macroscopic evaluation of the position of the balloon catheter showed that it was located between the skull, the tentorium and the occipital lobe. The balloon catheter was bent towards the occipital lobe due to the bony rat tentorium. This location of the balloon catheter resulted in a supratentorial mass expansion with haemorrhage. The increasing volume of the Laboratory Animals (2007) 41 balloon produced herniation with a shift of brain tissue towards the brainstem and foramen magnum and resulted in compression of the cerebrum, cerebellum and brainstem. Although microscopy revealed CNS injury, vital neurons remained present in the brainstem. These vital neurons may have been responsible for maintaining normotension. In previous studies, decreasing the volume of the intracranial balloon has been used to maintain acceptable blood pressure levels. Obviously, this method results in a lower intracranial pressure and thus less compression of the brainstem with remaining viable neuronal centres regulating blood pressure.
To demonstrate that both models, with either sudden or gradual onset, lead to similar changes in abdominal organs, the influx of PMNs in liver tissue was determined. Previous studies showed a migration of PMNs into the liver parenchyma after brain death induction (Okamoto et al. 2000 , van der Hoeven et al. 2000 . Our results are comparable to the results found by van der Hoeven et al. from our group, using the sudden onset model (van der Hoeven et al. 2000) . In both studies, an influx of PMNs into the liver parenchyma was observed, indicating inflammatory changes due to the state of brain death, irrespective of the model used. This also indicates that haemodynamic instability is not the major cause of these inflammatory changes; however, it does worsen progressive liver dysfunction (Okamoto et al. 2000 , van der Hoeven et al. 2000 .
In conclusion, this study describes an improved and reproducible gradual onset brain death model in the rat. The model is relevant for studies focusing on the effect of donor-related factors and donor management with respect to organ outcome, function and alloreactivity after transplantation. In contrast to the sudden onset model, finetuning of the existing gradual onset model has shown less haemodynamic instability and resulted in less peripheral ischaemia, with a lower number of excluded animals. Also, no inotropic medical support was required, preventing a potential bias in the study of short-and long-term effects of brain death on donor organs in transplant recipients.
